The excitations of nucleon resonances with hidden charm, N * cc , in the γp reactions are investigated by using the predictions from the available meson-baryons (MB) coupled-channel models of N * cc with MB = ρN , ωN , J/ψN ,DΛ c ,D * Λ c ,DΣ c ,D * Σ c ,DΣ * c . For the γ p → J/ψ p process, we first apply the Model of Donnachie and Landshoff to calculate the Pomeron-exchange amplitudes with the parameters determined from fitting the available total cross section data up to invariant mass W = 300 GeV. We then add the resonant γp → N * cc → J/ψ p amplitudes to examine the effects of N * cc excitations on the cross sections of γ p → J/ψ p in the near threshold energy region covered by the recent experiments at Jefferson Laboratory. The N * cc → M B transition matrix elements are determined from the partial decay widths predicted by the considered meson-baryons coupledchannel models of N * cc . The γp → N * cc transition amplitudes are calculated from the Vector Meson Dominance (VMD) model as γp → V p → N * cc with V = ρ, ω, J/ψ. The total γp → J/ψ p amplitudes then depend on an off-shell form factor, parameterized as
e m 2 V f V of the VMD model. It has been found that with Λ = 0.55 GeV, the predicted total cross sections are within the range of the data in the energy region near the J/ψ production threshold. We then demonstrate that the N * cc can be most easily identified in the differential cross sections at large angles where the contribution from Pomeron-exchange becomes negligible. With the same VMD model and the same coupled-channel models of N * cc , we also calculate the resonant amplitudes for the γ p → V p → N * cc →D 0 Λ + c (D * 0 Λ + c ) processes. By adding the nonresonant amplitudes due to the exchange ofD * 0 (D 0 ), we then predict the cross sections of γ p → D 0 Λ + c (D * 0 Λ + c ) for additional experimental tests of the available meson-baryon coupled-channel models of N * cc .
I. INTRODUCTION
It is well recognized that the interaction between the nucleon (N) and a cc system of charm quark(c) and anti-charm quark(c) is mainly due to the gluon-exchange mechanisms. All of the earlier investigations [1] [2] [3] [4] [5] [6] [7] [8] have indicated that the cc-N interaction is attractive. This implies the possible existence of nuclear systems with hidden charm, as investigated in Refs. [8] [9] [10] . For the baryon number B = 1 system, it was proposed [11] in 2010 that there exists excited nucleons with cc components in the mass range of 4.0 -5.0 GeV within a meson-baryon coupled-channel model. Such baryons with hidden charm were subsequently also predicted [12] [13] [14] [15] [16] [17] [18] as molecular states made of anti-charmed mesons and charmed baryons (such asD ( * ) Σ ( * ) c ). Alternatively, they are described as compact pentaquark states made of colored quark clusters [19] or a mixture of the two configurations [20] . The masses from these earlier predictions are qualitatively consistent with the mass (m) and width (Γ) of two Pentaquark states (P c ) identified from analyzing the J/ψ-p invariant mass distributions of the Λ * c → KJ/ψp decays measured by the LHCb collaboration [21, 22] in 2015. Their results are listed in the left part of Table I. TABLE I: The masses (m(MeV)) and total widths (Γ (MeV) of P c reported in Ref. [21] [22] [23] 2015 2019 P c m Γ P c m Γ P c (4312) 4311.9 ± 0.7 The resonance peaks in the J/ψ-p invariant mass distributions from the LHCb measurement [21] had motivated a lot of theoretical efforts . Roughly speaking, there are three different interpretations of these peaks:
1. they are due to the excitations of meson-baryon molecular systems which could be made of : (1) anti-charm mesons and charm baryons , (2) baryons and charmonium [47, 48] , (3) the mixture [49, 50] of (1) and (2).
2. they could be the multi-quark states within the conventional constituent quark model [51] [52] [53] , or the cluster states pictured as a diquark-diquark-antiquark system [54] [55] [56] [57] or a diquark-triquark system [58] .
3. P c (4450) may not be a resonance state because it is close to the triangle singularity [59] [60] [61] and the observed narrow peak is purely due to kinematic effect, although for some quantum numbers of P c state preferred in Ref. [21] , such as 3/2 − or 5/2 + , the TS can not explain the peak as shown in Ref. [62] .
With the the new results from the LHCb collaboration [23] , these theoretical interpretations can be better tested. By analyzing the data which are about a factor of 9 more than what they analyzed in 2015, LHCb collaboration obtained three clean peaks which are interpreted as the excitations of three Pentaquark states, as listed in the right part of Table I . Comparing with their results of 2015, the main features of these new data are: (1) P c (4312) could be a new Pentaquark state near Σ cD threshold. (2) P c (4440) and P c (4457) were two narrow states which could not be resolved in their 2015 determination of P c (4450). (3) P c (4380) with about 200 MeV width of 2015 could be the very broad state and is not given mass and width in this analysis. It is important to note that these three narrow states are all just below the corresponding anti-charmed meson-charmed baryon threshold and hence the simplest interpretation is that they are made of meson-baryon components, as suggested in Refs. [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] .
The nucleon resonances with hidden charm, called N * cc from now on in this paper, can also be investigated by using the electromagnetic production of J/ψ from the nucleon, such as e + p → e ′ + J/ψ + p studied in Refs. [11, 12] . The prediction of γp → N * cc → J/ψp cross section within the coupled-channel model of Ref. [12] was then made in Ref. [79] by using the Vector Meson Dominance (VMD) Model to generate vector (V) mesons, ρ, ω, and J/ψ, from photon. Few more predictions of γp → N * cc → J/ψp had been made [80] [81] [82] [83] [84] [85] within the meson-baryon coupled-channel model since 2015. The differences between these works are in their choice of N * cc model, vector mesons included in using VMD, and the background amplitudes which could be calculated from Pomeron-exchange or 2-gluons and 3-gluons exchange model.
In parallel to these theoretical efforts, an experiment [86, 87] (JLab(E12-16-007)) on γ p → J/ψ p near threshold at JLab(E12-16-007) was approved in 2016 and the data from this effort will soon become available. A separate effort at JLab using GlueX detector [88] has recently published [89] their measured total cross sections of γp → J/ψ p. The main purpose of this work is to provide information for examining whether the N * cc predicted by the available meson-baryon coupled-channel models can be observed in the data from these two experiments.
To proceed, it is necessary to first recognize that P c states reported by the LHCb collaboration are from the measurements of J/ψ-p invariant mass distribution of the Λ c → K + J/ψ + p decay. Thus the information one can use to test the available N * cc models is the total widths and masses of the reported P c states. The spins and parities of these states can not be determined since a partial-wave analysis of Λ c → K + J/ψ + p decays requires detailed angular distribution data, not just the invariant mass distributions. Accordingly, one can not determine the partial decay width for each possible meson-baryon channels of
Here we also mention that two of the resonance peaks reported by LHCb collaboration are near the threshold ofD ( * ) Σ c channel and thus the identification of resonances in this region must account for the cusp effect in a analysis constrained by the three-body unitarity. The importance of three-body unitarity in analyzing the three-body decays of heavy mesons have been demonstrated [90] recently, but is not considered in the analysis of LHCb collaboration. Therefore, no attempt will be made here to revise the considered meson-baryon models to reproduce the resonance peaks of the LHCb data. Instead, we will only consider the available models which have predicted N * cc with masses within the range of the LHCb data. By using the spins, parities, and partial decay widths from those models, we can then use the VMD to predict the amplitudes of γ p → N * cc → J/ψ p. Here we notice that the VMD coupling constant g γ,V = e m 2 V /f V for the γ → V transitions for V = ρ, ω, J/ψ are conventionally determined from the decay widths of V → γ → e + e − with q 2 = m 2 V of the intermediate γ.
In the situation of γp → V p → N * cc , we have q 2 = 0, i.e. the intermediate vector is far off-mass-shell, and thus the VMD parameter g γ,V must be modified to account for this q 2 -dependence. Ideally, this q 2 -dependence should be calculated from a QCD model as done in Ref. [91] . Here we will treat it as a phenomenological part of our calculation by introducing a off-shell form factor
2 ) with Λ determined by the available total cross section data, as will be explained in section III. We also make sure that the parametrization of VMD is gauge invariant when the off-shell form factor is included.
To predict the cross sections of γp → J/ψp , it is necessary to include the non-resonant amplitudes due to the gluon-exchange mechanisms. In this work, we use the model of Donnachie and Landshoff [7] within which the gluon-exchange mechanism is phenomenologically parametrized as Pomeron-exchange within the Reggy Phenomenology of high energy reactions. By fitting the total cross section data up to very high energy W = 300 GeV, the Pomeron parameters are well determined and can be used to define the non-resonant amplitudes in the near threshold region of our interest in this paper. Our approach is therefore different from the approaches using the models of two-gluon and three-gluon exchange of Refs. [92] , as will be discussed later.
For additional studies of N * cc excitations, we have also explored other meson photoproduction processes which do not have Pomeron-exchange mechanisms. We have found that experiments on γ p →→D 
In the center of mass system, the four-momentum of these particles can be defined as
where k(k ′ ) is the length of three momenta k( k ′ ), E a (k) = m 2 a + k 2 is the energy of a particle with mass m a , and W is the invariant mass of system. For a given W and angle (Ω) between k and k ′ , all of the above kinematic variables are determined by
. The differential cross section can then be written 
The reaction amplitude is written as
where ǫ ν (q, λ γ ) is the polarization vector of photon, and j
is a Lorentz covariant current matrix element. For the vector meson photo-production γp → J/ψp (M = J/ψ and B = N) process, the current matrix element can be written as
where u a (p, m s ) is the spinor of the baryon a (with the normalizationū
is the polarization vector of J/ψ. The current matrix element must satisfy the gauge invariance condition j ν q ν = 0. In this work, we assume that the J/ψ photo-production amplitudes
where
is the Pomeron-exchange amplitude of Donnachie and Landshoff, and
In the following, we will describe the calculations of these two amplitudes.
A. Pomeron-exchange mechanism
It is well recognized that the photo-production of J/ψ from the nucleon is mainly due to gluon-exchange mechanism, such as the leading two-gluon exchange mechanism illustrated in Fig.1 (a) . It is also known that Pomeron-exchange has been an essential element in Reggy Phenomenology. Within the model of Donnachie and Landshoff (DL) [7] , it is assumed that Pomeron (P) can be identified with gluons and the Pomeron-exchange mechanism can be parametrized in terms of Pomeron-quark coupling constant β q and appropriately form factors at the P J/ψ → J/ψ and P N → N vertices. The DL model is illustrated in Fig.1  (b) . Following a study of non perturbative two-gluon exchanges [93] , they further assume the Pomeron-Photon analogy that the Pomeron can be treated as a C = +1 isoscalar photon to parametrize the quark-Pomeron vertex. Thus the P N → N vertex can be expressed in term of the isoscalar electromagnetic form factor of the nucleon. Following Ref. [94] , the Pomeron-exchange amplitude in Eq. (5) is written as:
with
where β q V (β u/d ) defines the coupling of the Pomeron with the quark q V (u or d )in the vector meson V (nucleon N). Here we have introduced the form factor for the Pomeronvector meson vertex as
By using the Pomeron-photon analogy mentioned above, the form factor for the Pomeron-nucleon vertex is defined by the isoscalar electromagnetic form factor of the nucleon as
Here t is in unit of GeV 2 , and M N is the proton mass. Note that the factor
in Eq. (7) implies a relation between the DL model and the VMD.
The crucial ingredient of the Reggy Phenomenology is the propagator G P for the Pomeron in Eq. (6) . It is of the following form :
By fitting the data of ρ 0 , ω, and φ photoproduction [94] , the parameters of the model have been determined:
In our previous paper [9] , we found that with the same µ 2 0 , β u/d , and α ′ P , the J/ψ photo-production data can be fitted by setting β c = 0.84 GeV −1 and choosing a larger α 0 = 1.25. In the left side of Fig.2 , the results (black solid curves) from the constructed Pomeron-exchange model are compared with all of the the total cross section data of γ p → J/ψ p up to invariant mass W = 300 GeV. Here we note that the two-gluon (dotted curves) and three-gluon (dot-dashed curves) exchange models, with the parameters given in Refs. [92] can not describe the data above about W = 10 GeV. The new data from JLab GlueX collaboration are considerably The dotted (dash-dotted) curves are from the 2-gluon exchange ( 2-gluon+3 gluon-exchange) models. The experimental data can be found in Ref. [9] , except blue open spares are from Ref. [88] larger in magnitudes than the previous data, as can be seen more clearly in the right side of Fig.2 . While these data can be better described by the 2g+3g exchange model, as also shown by the GlueX collaboration, they need further confirmation from separate experiments at JLab. Thus our study of N * cc starts with Fig.3 in which the data before 2018 are compared with the results calculated from using the Pomeron-exchange model.
B. Excitation of N * cc resonances
We focus on the N * cc predicted by the meson-baryon coupled-channel models with the parameters constrained by the SU(4) symmetry and the fit to the meson-baryon reaction data. Alternatively, N * cc can be predicted by constituent quark models or non-perturbative QCD models. These are however not considered in this work.
In Table II , we list the predictions from most, if not all, of the coupled-channel models of N * cc in the literatures. The relative importance of the predicted N * cc in determining γ p → J/ψ p can be estimated by using a well known relation between the total cross section σ 
where J is the spin of N * cc , and q R is defined by the resonance mass by
We note here that except the model by Lin et al [45] the decay width Γ N * cc ,γ p to the γp channel are not predicted by the models listed in Table II . Thus the only way we can use these The total cross section of γp → J/ψ +p via Pomeron-exchange with the center mass energy W in the near threshold energy region. The experimental data are from Ref. [95] [96] [97] models is to use the VMD model to describe the excitation of N * cc as the γ N → V N → N * cc mechanism with V = ρ, ωJ/ψ, as illustrated in Fig.4 .
In Table II , we also see that the predicted N * cc mainly decay into channels associated with theD meson and charmed Σ c baryons, as specified as "Main Channel" in the table. However, the available energy at JLab is not high enough to investigate the γ p →DΣ c process. Instead the experiment on the process γ p →DΛ c may be possible. Thus we will also consider the γ p →D Λ c reaction which does not have Pomeron-exchange mechanism. This can be studied using the models which also provide partial decay widths of N * cc →DΛ c , as also shown in Table II .
To proceed, we recall that the VMD is defined by the following Lagrangian:
where m V is the mass of the vector meson V , A µ and φ µ V are the field operators for the photon and vector meson, respectively. The width of V → e + e − can then be calculated by
By using the data of Γ V →e + e − , the decay constants of Eq.(12) can be determined : f ρ = 5.33, f ω = 15.2, f φ = 13.4, and f J/ψ = 11.2. For our later discussions, we here note that these coupling constants are determined at the photon four-momentum q 2 = m 2 V . Thus the use of the Lagrangian Eq.(12) in other processes with real photon q 2 = 0, a model must be used to account for the off-shell effects on these coupling constant. In our calculations, we thus will set
Ideally F V (q 2 ) should be calculated from the quark-loop mechanism V →→ γ(q 2 ) within a non-perturbative QCD model. Here, we will determine it phenomenologically, as will be specified later.
With Table II , we then can use use Eq.(11) to estimate the predicted σ (tot) for each model and then select only the cases that the estimated σ (tot) are close to the available data to make predictions. Following the formulation of Ref. [99, 100] , the N *
− , and
+ can be written as
The terms with coupling constants f 2J V and h 2J V term are the contributions from higher partial waves. For simplicity, we neglect these terms and set f 2J V = h 2J V = 0. We thus can use the partial decay width Γ N * cc ,N V listed in Table II to determine the parameter g 2J V by the following formula:
where |p| is on-shell momentum of final state vector in the rest frame of N * cc . The determined g 2J V for V = J/ψ a re listed in the 5th column of Table III.   TABLE III: coupling constants g V andg V determined from fitting the partial decay widths listed in Table II . Γ γp are partial decay widths calculated fromg V within VMD, as explained in the text. σ (tot) is the total cross section of γ p → J/ψ p calculated from using Eq.(20) by choosing Λ = 0.55 GeV for the off-shell form factor F V (q 2 ).
No. predicted by a N * cc model, we need to make simplification. Here we also need to make sure that the simplified amplitudes are gauge invariant. We find that this can be accomplished by setting h 2J V = 0 like what we have chosen in determining Γ N * cc → NV , but we need to keep the f 2J V term and set g 2J V = f 2J V =g 2J V . For example, the amplitude of N * ( 1 2 − ) → Nρ → Nγ with the simplification h 2J V = 0 is:
Obviously this amplitude will be gauge invariant if M ν q ν = 0. However it is straightforward to show that M ν q ν ∼ (g 1ρ − f 1ρ ) = 0. Therefore a simple way to have a gauge invariant amplitude is to set g 2J V = f 2J V =g 2J V . This is part of phenomenology and need to be improved in future. For our present limited and exploratory purpose, this simplification is sufficient.
By using Eqs. (16)- (18) and setting g 2J V = f 2J V =g 2J V and h 2J V = 0, we can then use Eq. (22) to determineg 2J V by using the partial decay withs listed in Table II . The resulting g 2J V are listed in the 6th-8th columns of Table III . Including the off-shell form factor F V (q 2 ) according to Eq. (14), we then get the following expressions for the N * cc → V N → γN transition amplitudes:
. (27) where p V = q is used to evaluater ν andg αµ N * according to Eqs. (19)- (20) . For the off-shell form factors, we assume
With the determinedg V listed in Table III and a given choice of the cut off Λ V , we can use the N * → NV → Nγ amplitudes given in Eqs. (25)- (27) to calculate the decay width of N * → Nγ within VMD :
The cut-off Λ is a parameter of the model. In Table III we list the calculated Γ N * →N γ for each model by setting Λ = 0.55 GeV(The dependence on the value of Λ will be discussed in the next section). By using the partial decay widths listed in Tables II and III we can use Eq. (11) to estimate the total cross section σ (tot) of γ p → J/ψ p at the resonance positions, as also given in the 9th column of Table III . The amplitude γp → N * cc → J/ψp is shown in Fig.4 . By using the definition of vertexes of N * → NV as shown Eq. (16) (17) (18) 
where P 3 2 αβ (p) and P
2
αβ α ′ β ′ (p), are the Lorentz structure functions of propagators of 3/2 and 5/2 particles, respectively. Their formulas are [100] :
In this section, we will first use the available total cross section data to fix the cutoff parameter Λ of the off-shell form factor Eq.(28) of the γp → N * cc amplitude. We then make predictions for using differential cross sections for identifying the N * cc from the future experimental data.
A. Total cross section
From Fig.3 , we see that the available data of the γ p → J/ψ p in the near threshold region are below about 0.8 nb and have some structure which may be due to the experimental cc with J p = 3/2 − and 5/2 + with Λ = 550 MeV, respectively. The solid black line is the coherent summation of two N * cc and it is the same as blue dashed cure in Fig.(a) here. The experimental data is from Refs. [95, 96] .
uncertainties, but may be due to the N * cc excitations. In this section we will make predictions for investigating the extent to which these available data can accommodate the the N * cc excitations predicted by the models listed in Table I and II. In particular, we are interested in the predictions of Ref. [42] since this is the only model which predicts the partial decay width to γp channel for the Table III . We find that the calculated total cross sections can be close to the available data shown in Fig.3 if we choose the cutoff in the range of 500 MeV ≤ Λ ≤ 650 MeV. In Fig.5(a) , we see that the choice Λ = 550 MeV gives results within the uncertainties of the available data. The structure of the solid curve at W ∼ 4.35 GeV is due to the interference between the Pomeron-exchange amplitude (dotted curve) and the resonant amplitude (long dashed curve). Furthermore, we also see that the resonant amplitude is dominated by the 5 2 + (4450), as shown in Fig.5(b) . With the same cutoff Λ = 550 MeV , we then calculate Γ N * cc →γN for all states, as listed in Table III . With the widths given in Table III , we then estimate the total cross sections of γp → N * cc → J/ψp by using Eq.(11) for all models. We can see in the last column of Table III that + (4450) of Ref. [42] , all of the estimated total cross sections are either too large or too small compared with the value ∼ 0.5 nb of the available data shown in Fig.5 .
In Table IV , we compare our results of Γ γp and σ (tot) of γp → N * cc → J/ψp with those of Ref. [42] . Here we see that our result for the 5 2 + (4450) is much smaller than theirs. The differences between this work and Ref. [42] are from using rather different mechanisms to evaluate γN → N * cc . It is therefore useful to examine how our predictions depend on the parameters of our model based on VMD. We first examine the the contribution from each of the intermediate vector mesons, illustrated in Fig.4 , to the calculated total cross sections of γ p → N * cc → J/ψ p. Our results from including the J = 
B. differential cross sections
In Fig.5 , we see that the feature of N * cc excitation in the total cross section is not so pronounced because it interfere with the background form Pomeron-exchange amplitude which is very large in all energy region. To extract the peak of N * cc , we need to find other observables which are not dominated by the Pomeron exchange. It is noticed that the Pomeron exchange is strongly suppressed with large t in Eq. (10) . In other word, the Pomeron-exchange mainly contribute to the cross sections at forward angles. This is illustrated in Fig.7 . It is then clear that the resonance peaks will be easier to observe at large angles. This is illustrated in Fig.8 .
At 60
o , the shoulder due to N * cc (4380) shows up more clearly. However, the magnitudes of the differential cross sections decrease rather rapidly with angles. Thus the measurement around 30
o may be optimal in examining the existence N * cc . 
IV. PREDICTION ON
It is important to note that Pomeron-exchange amplitude is still dominant in determining the J/ψ production in the considered low energy region. Therefore it is interesting to test the VMD model of γN → N * cc by other reactions which do not have Pomeron-exchange mechanism and in the low energy region accessible to experiments measuring J/ψ production at JLab. With the N * cc models No. 6, 9, and 18 selected from Table II and listed in Table V 
where coupling g D * 0 D 0 γ = 1.07 is calculated from partial decay width of D * 0 → D 0 γ which is estimated from the measured ratio of widths Γ D * 0 →D 0 γ /Γ D * 0 →D 0 π 0 with Γ D * 0 →D 0 π 0 obtained from the data of Γ D * + →D + π 0 by using isospin . By using SU(4) symmetry [101] , the coupling constants in Eqs. (36) 
Similarly, theD 0 -exchange amplitude for γp
B. N * cc -excitation amplitudes
The formula for calculating the resonant amplitude γN → N * cc → Λ + cD * are the same as Eqs. (30)- (32) except that the coupling constants g 2J J/ψ for J = 1/2, 3/2, 5/2 are replaced by g N * →DΛ for each J listed in Table V . 
where pD is the four momentum ofD meson. The coupling can be calculated from the partial decay widths listed in No. 6, 9, and 18 of Tab.V. We then get g 1 = 0.40, g 3 = 1.29, and g 5 = 13.39.
With the above equations and the γp → N * cc given in Table III 
V. SUMMARY
By using the predictions from the available meson-baryon coupled-channel models, we have investigated the excitations of nucleon resonances with hidden charm, N * cc , in the γ p reactions. For the γ p → J/ψ p process, the Pomeron-exchange model of Donnachie and Landshoff, with the parameters determined from fitting the available total cross section data up to W = 300 GeV, is used to calculate the non-resonant amplitudes. The resonant γp → N * cc → J/ψ p amplitudes are calculated by using (1) the partial decay widths predicted by the considered meson-baryons coupled-channel models to evaluate the N * cc → MB transition matrix elements, and (2) 2 ) which is needed to account for the q 2 -dependence of VMD model. We find that with Λ = 0.55 GeV, the predicted total cross sections of γ p → J/ψ p are within the range of the available data in the energy region near J/ψ production threshold. We then demonstrate that the N * cc can be most easily identified in the differential cross sections at large angles where the contribution from Pomeron-exchange becomes negligible.
With the same VMD model and the same coupled-channel model of N * cc , we then predict the cross sections of γ p →→D 0 Λ + c (D * 0 Λ + c ). We suggest that experiments on these reactions can be more effective to study N * cc since their non-resonant amplitudes, due to the exchange ofD * 0 (D 0 ), are found to be very weak. The most unsatisfactory aspect of this work is the phenomenological determination of the off-shell form factor F V (q 2 ). It is determined by only using the data of total cross sections of γ p → J/ψ p near the threshold, shown in Fig.3 . While our predictions could be used as a first-step to determine whether the N * cc predicted by the available meson-baryon , N * cc( coupled-channel models can be found in the new data from JLab, it is necessary to develop a more fundamental approach to also predict F V (q 2 ) from QCD models. Obviously, such an improvement is necessary for using the q 2 -dependence of the J/ψ electro-production cross section data to investigate nucleon resonances with hidden charm.
